Abstract-In this paper, we demonstrate an application of non-equilibrium electrons in quantum electrical metrology. Our electrons are emitted from clock-controlled semiconductor singleelectron pumps, and are isolated in energy and time from other conduction-band electrons in the system. We show that a voltage comparator can be constructed using these electron wave packets, achieving > 10 GHz sampling bandwidth owing to their short (∼ 10 ps) arrival-time distribution. We also show that investigating the energy and time distribution of the electron wave packets helps to understand the pump operation and improve the current quantisation accuracy.
I. INTRODUCTION
Hot electrons in semiconductor material have been the subject of intensive studies for many decades [1] . So far, their usage in quantum device applications has been limited due to their short inelastic scattering length [2] . However, recently, a method has been developed to enhance their scattering length by increasing the confinement of the electronic wave function by an applied magnetic field [3] - [4] , as well as the control of edge-confinement potential [5] . In addition, the clockcontrolled emission of individual electrons has been demonstrated with a picosecond resolution [6] . These technologies have enabled us to construct ultrafast electronic devices and also to investigate the mechanism of single-electron sources in order to improve their current-quantisation accuracy for metrological applications. In this paper, we discuss our work on the voltage comparator only. Our work on the currentquantisation accuracy will be presented at the conference.
II. SINGLE-ELECTRON VOLTAGE COMPARATOR
Here, we show how a high-bandwidth voltage comparator can be constructed using single-electron wave packets (see [7] for further details). The basic operation principle is shown in Fig. 1(a) . A wave packet of a single hot electron (∼ 100 meV above the Fermi energy) is emitted in each cycle from a tunable-barrier single-electron pump [8] fabricated in a GaAs/AlGaAs two-dimensional electron system. Fast electron emission from the pump results in a wave-packet arrival-time distribution of ∼ 10 ps [7] . Under a large magnetic field (∼ 10 T) applied perpendicular to the plane of the twodimensional electron system, the electron wave packet travels in magnetically-confined quasi-one-dimensional edge states along the sample boundary. The experiment is performed at 300 mK. We place a surface gate in the path of the wave packet to form a potential barrier as shown in Fig. 1(a) . Onto this gate, we apply the sum of a reference dc voltage V DC GD 978-1-5386-0974-3/18/$31.00 c 2018 IEEE and a periodic ac test signal V s (t) to be measured. The ac test signal is synchronised to the pump driving signal (for this demonstration, we use a 240 MHz repetition frequency) and can be turned off. In the absence of the test signal, we tune V DC GD so that the potential barrier provides a half transmission of the wave packet, i.e. there is 50% probability that the electron tunnels through the barrier. This transmission probability is measured by the transmitted current as the wavepacket emission is repeated at the pump frequency.
The key feature of our sensing scheme is that the electron transmission probability depends only on the gate voltage when the electron arrives at the potential barrier (say, at t = t 1 ). Therefore, when a test signal is added, the electron transmission is sensitive only to V s (t 1 ), but is insensitive to the rest of the test-signal waveform. (Strictly speaking, the electron transmission is sensitive to the test signal for a duration of arrival-time distribution, but we ignore this broadening because the test signal can be considered slowlyvarying compared to the electron arrival-time distribution). If V s (t 1 ) is negative, the transmission probability decreases, but if V s (t 1 ) is positive, the transmission probability increases. Now, if the reference gate voltage is varied by dV DC GD so that dV DC GD = −V s (t 1 ), this cancels out the test signal, and brings the transmission probability back to 50%. In other words, the outcome (higher or lower) of the comparison between dV DC GD and −V s (t 1 ) can be detected by the electron transmission probability. A high bandwidth is expected because the voltage comparison is made only within the duration of electron arrival. In principle, an arrival-time distribution of ∼ 10 ps should result in a ∼ 100 GHz bandwidth. In reality, the bandwidth ∼ 20 GHz of the transmission line that connects the source of the test signal to the gate is the limitation in our experiment.
III. WAVEFORM MEASUREMENT AND DISCUSSION
The whole test waveform can be sampled by repeating the voltage-comparison measurements as the timing of electron emission is shifted by t d against the test signal. The red curves in Fig. 1(b) and (c) plot dV DC GD vs t d measured with an approximated sine waveform and a square waveform, respectively, generated by a 50 GS/s arbitrary waveform generator. For the purpose of comparison, we also plot the test signal measured by a commercial sampling oscilloscope with 23 GHz analog bandwidth as grey curves. We note that the oscilloscope has 50 Ω input impedance, whereas in our method the gate is open-ended, so the input impedance is 50 Ω. Therefore we multiplied the oscilloscope trace by a factor of 2 to account for this difference. We also note that the sensing part (where electron tunnelling happens) is located less than 1 µm from the open-end of the barrier gate. Therefore, the time delay of the reflected signal travelling from the open-end back to the sensing part is negligible, and our measurements can be considered as open-ended.
Although the details of the waveforms measured by these two methods differ and the fidelity of the single-electron sampling method needs to be verified by further test, these results show that this method is capable of observing the highfrequency (> 10 GHz) artefact of the arbitrary-waveformgenerator output. In this experiment, the bandwidth of voltage sampling is limited by the test signal line. If the bandwidth of the line is increased, this method may achieve a higher sampling bandwidth up to ∼ 100 GHz.
IV. CONCLUSION
We demonstrated a high-bandwidth voltage sampling method using hot-electron wave packets. A high sampling bandwidth (> 10 GHz) is achieved by a short (∼ 10 ps) electron arrival-time distribution. We note that this method can also be used for testing the transmission line in a cryogenic environment, or for on-chip detection of high-frequency signals. Our work shows that hot electrons are useful in ultrafast electronics when the transmission of their wave packets are individually controlled. Further work utilising hot-electrons for possible use in single-electron-based current standards will be shown at the conference presentation.
